Abstract The dynamics of upstream movements of the yellow eel Anguilla anguilla were investigated at Lixhe on the Belgian River Meuse in an inland fish pass regularly monitored from 1992 to 2014. Based on a constant year-to-year sampling effort, we examined the abundance of ascending yellow eels and their body size, seasonal movement, and the associated water temperature and flow. Over the last 23 years, the number of ascending yellow eels has declined at an average 4.2 % per year since 1992. The abundance of eels in 2014 is estimated at 4.5 % of the ascending stock in 1992. We observed that some annual variations in eel abundance at Lixhe might be related to opening fish passes downstream of the study site. The results clearly demonstrated that long-term declining abundance of eels has resulted in increased sizes (mean increase, 4.1 mm per year since 1992) and temperatures triggering the upstream movement process (1.03°C per decade), with earlier dates for the last eel passages reducing the difference between temperature extremes of eel passages through the fish pass during the migration season. Eel movements occurred in spring and summer at low river discharge and were mainly triggered by high-temperature events. Eels have become larger with time because of improved feeding opportunities and more growth habitats available resulting from the long-term reduction in recruitment. This study highlights the importance of investigating long time spans for a better comprehension of the changes observed in yellow eels and for the optimization of management measures and future research.
Introduction
Since the 1970s, eels have been in decline at all life stages throughout the entire European continental range (Naismith and Knights 1988; Moriarty 1990; ICES 2013) , and since 2008 the species has been listed on the IUCN Red List as critically endangered (Jacoby and Gollock 2014) . The hierarchy of the causes of the eel reduction remains unclear and this decline is observed at all developmental stages. However, the interaction of anthropogenic and environmental factors in both the riverine and ocean phases might explain this decline (Dekker 2003; Knights 2003; Bonhommeau et al. 2009 ).
The life cycle of the eel is complex and long. It includes reproduction in the Sargasso Sea and feeding and growth in various habitats ranging from seawater to freshwater where glass eels became elvers and then yellow eels before maturing into silver eels (Teschcontrast, the yellow eel stage, a growth phase with a highly sedentary lifestyle, covers most of the eel's freshwater life, but it has been less extensively studied (Baras et al. 1998; Ovidio et al. 2013) . At this stage, some individuals continue to move towards upstream parts of inland waters and others stay in the lower part of the hydrographic network (Lobón-Cerviá et al. 1995; White and Knights 1997; Feunteun et al. 2003) . In this context, it is difficult to understand, at inland sites, the effects of the long-term reduction in glass eel recruitment on the upstream movement process of the yellow eel stage. The initiation and cessation of annual upstream movements of eels in riverine systems is controlled by environmental variables such as water temperature and river discharge (Naismith and Knights 1988; Bark et al. 2007; Nzau Matondo et al. 2014) . As a consequence, fish pass monitoring may play an important role by providing useful information on the upstream migration behavior of the riverine yellow eel (Welsh et al. 2015) in the context described above.
In the River Meuse, the Lixhe dam in Belgium, more than 300 km upstream from the North Sea, is the eighth major obstacle from the river mouth. This dam is equipped with a nonselective cone-trap pool retaining eels in a fish pass that has been scientifically and homogeneously monitored since 1992. This long-term monitoring of the yellow eel stage is rare and unique, providing precise assessment of the changes in riverine yellow eel migration in inland waters. This knowledge may be useful in terms of eel management efforts at both the local and international levels.
Based on a constant year-to-year sampling effort since 1992, the present study aims to further summarize a 23-year monitoring program on the ascending migrant yellow eels through a fish pass built in the International River Meuse at Lixhe, Belgium. We examined whether the upstream movement dynamics of the riverine migrant yellow eels have changed over the years in terms of their abundance, body size, migration season, and catching temperature and flow.
Methods

Study site
The International Meuse River Basin drains a catchment area of 36,000 km 2 , of which 26 % is situated in France, 2 % in Luxembourg, 39 % in Belgium, 11 % in Germany, and 22 % in the Netherlands. The river flows from France to the North Sea in the Netherlands with a total length of 925 km and has been regulated for hydropower generation and navigation. A total of n = 46 obstacles obstructing fish migrations have been built on the main course of the River Meuse. From the river mouth in the Netherlands to our study site at Lixhe in Belgium, there are eight dams (the Netherlands: Lith, Grave, Sambeek, Belfeld, Roermond, Linne, and Borgharen; Belgium: Lixhe) including three hydropower stations (Lith, Linne, and Lixhe), which potentially influence the eels' upstream migration (Fig. 1) . In the Dutch Meuse, dams were built in 1925-1936 and all were provided with Denil fish passes, which were gradually improved by the construction of new vertical-slot fish passes from 1989 to 1999, except Grave, where this new fish pass was installed in 2005 (Grave II) and Borgharen in 2007 (Borgharen II). In the Belgian Meuse at the Lixhe dam, two fish passes were opened; they include an old pooland-weir fish pass built in 1980 (Lixhe I) and a new vertical-slot fish pass in late 1998 (Lixhe II). Today the free movement of eels and other fish is ensured in the Meuse from its estuary to Lixhe. There are also tributaries and many canals and sluices associated with this river that offer different migration routes for eels.
This study was conducted in an inland part of the Meuse located at the Lixhe dam, where the river enters the Netherlands from Belgium, 323 km upstream from the North Sea on a non-navigable part of the river. It was built in 1980 and equipped on the right bank of the river with a 23,200-kW hydroelectric plant. Two multispecies vertical-slot fish passes ensure upstream passage for migrating fish. The Lixhe I fish pass, working at low discharge (maximum 0.3 m 3 /s), is located between the hydroelectric plant and the spillway and equipped with a nonselective cone-trap pool retaining eels. This old fish pass has been regularly monitored since 1992. In contrast, the Lixhe II fish pass was built for the migration of large fish species such as Atlantic salmon Salmon salar and sea trout Salmo trutta trutta, which operates at high flow (1 m 3 /s) with larger pools and deeper slots. It is located on the right bank and equipped with a cage-trap selecting for large fish that does not retain eels. 
Upstream movements
From 1992 to 2014, yellow eels were caught exclusively in the old fish pass that retains eels with a cone-trap pool equipped with a steel grid with fine meshes preventing eels from leaving the upstream pool. Twice a week, the fish pass was monitored outside the main catch season and three times a week as soon as the first catch peak was observed during the catch season. The eels caught were anesthetized with eugenol 1/10 in alcohol (0.5 mL/L), counted, measured (±1 mm), and weighed (±1 g).
The catch per unit effort (CPUE) was defined as the total number of eels caught daily. Declining levels of catches were determined by comparing the interannual catches throughout the entire time span (from 1992 to 2014). Similarly, the decline of eels was assessed in both time series before opening the second fish pass (1992) (1993) (1994) (1995) (1996) (1997) (1998) and the time span that includes the new fish pass (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) . The 1993 catch data were collected but they were not representative of the catch season because of the closure of the fish pass for renovation work during part of the eel migration season. This fish pass was again closed throughout 1994 and 1996 for improvements and therefore data were missing.
The lengths of the eels caught were analyzed annually by characterizing the mean and standard deviation as well as the minimum and maximum lengths.
To test the variations in the seasonal movements of the yellow eels through the old fish pass, each catch date was noted. The 5 % eel passage dates and numbers of 5 % of the eels, 50 % (P50), 90 %, and 95 % of the eels; the daily maximum number of eels; and the passage dates of first and last eels were described.
Considering the role of temperature and flow on catchability of the yellow eels in rivers and the small change observed in these environmental variables every three days each year during the sampling periods, each daily catch was associated with the daily temperature and flow of the Meuse since 1992. The water temperature was continuously recorded using temperature loggers (Onset®). Flow data were provided by the Wallonia Public Service of Hydrological Studies (SETHY).
Statistical analyses
Variations in size, season, and temperature when the yellow eels moved upstream through the old fish pass were assessed over time and after the second fish pass was opened by performing a Kruskal-Wallis (H) test followed by pairwise Mann-Whitney (U) post-hoc tests. Linear regression was run to test the relationships between the yearly catch of eels and time, between eel size and time, and between the CPUE, temperature and flow. A Generalized Linear Mixed Model (GLM) with backward stepwise elimination was used to investigate the relative influence of independent variables significantly related to the CPUE. The annual maximum daily catch was examined in terms of the distribution of eels per passage date between the summer and spring seasons and the temperature groups between <20°C and >20°C using the chi-square (χ 2 ) test. The χ 2 test was also performed to check any significant difference in abundance between the two temperature groups cited for the catch of P50 eels. Statistical P-values less than 0.05 were treated as statistically significant. All statistical analyses were done using the statistical software package R version 3.1.2.
Results
Abundance and size of yellow eels
From 1992 to 2014, 37,626 yellow eels (biomass 2.43 t) measuring 14-88 cm were caught moving upstream through the old fish pass at Lixhe and the annual catch ranged from 208 to 5613 eels (Fig. 2a) . The number of eels significantly decreased over time (1992-1998/ 1999-2014, before (Table 1) . During the 23-year monitoring period, four prominent peaks in terms of eel abundance were observed in 1992, 1995, 1999, and 2008 despite the general decreasing trend, as shown by the annual maximum CPUE, which ranged from 45 to 1335 eels. Similarly, a sudden drop in 2004 was detected just 1 year earlier with high numbers of eels (Fig. 2b) . The level of eel decline occurred both before (1992) (1993) (1994) (1995) (1996) (1997) (1998) , decline rate nearly 7.8 % per year) and after (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) 5 .9 % per year) the new fish pass opened. No sudden decline in the number of ascending eels was observed in the early years after the opening of the new fish pass. Since 1992, the number of eels in the old fish pass has declined by an approximate average of 4.2 % per year. After the opening of the new fish pass (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , the highest annual maximum CPUE occurred in both 1999 (n = 981 eels per day) and 2008 (786 eels per day) while before opening the fish pass (1992) (1993) (1994) (1995) (1996) (1997) (1998) , it was observed in 1992 (n = 1335 eels per day) and 1995 (n = 1132 eels per day). The yearly maximum CPUE dropped by approximately 12.1 % per year before opening the new fish pass versus 5.6 % thereafter.
The body length of the yellow eels moving upstream through the old fish pass differed annually (KW test, df = 2; 37 180, H = 1383.06, p < 0.001) and was significantly higher (U post-hoc test p < 0.05) during the 2010s (annual mean range, 38-42 cm) than in the 2000s (30-35 cm) and the 1990s (28-33 cm) (Fig. 2c) .
Since 1992 the mean and minimum eel length increased by approximately 0.41 and 0.56 cm per year, respectively.
Migration season
Yellow eels moved upstream through the old fish pass between 3 April and 23 October, with 90 % of the eels from 22 April to 7 September, P50 eels from 6 May to 29 July, and the annual daily peak of eels from 26 April to 17 August. The maximum seasonal duration of eel movements ranged from 90 to 193 days, with 90 % of the eels passing within a period lasting from 40 to 129 days. None of these descriptors of eel movement dates significantly changed over time or with the opening of the new fish pass (KW test, p > 0.05). Similarly, the movement dates have not significantly changed over time for the passage dates of the first eels and 5 % and 95 % of the eels. Contrary to the first eels, the passage dates of the last eels occurred significantly earlier over time. They passed earlier during the 2010s (mean ± SD: 19 August ±25 days) than in the 2000s (25 September ±18 days) and the 1990s (27 September ±15 days) (KW test, df = 2; 19, H = 7.927, p = 0.019, U post-hoc test p < 0.05). The daily maximum number of eel passages was observed annually in summer (from 9 June to 17 August: 57.1 % of the 21 years examined) as well as during the spring (26 April to 30 May: 42.9 %; χ 2 = 0.86; p = 0.345).
Temperature and flow at capture Each year the eel catch started with the river warming, increased as the temperature rose, and dropped as the river cooled (Fig. 3) . The eel catch occurred mainly at low river discharge. Yellow eels were caught at water temperatures ranging from 10.5 (one eel on 16 April 1999) to 29.1°C (99 eels on 28 July 1995) and flow between 6.2 (nine eels on 31 July 1995) and 651.8 m 3 /s (12 eels on 29 May 2006) (Fig. 4) . The catch temperature and flow showed significant annual variations (KW test, df = 20; 37,204, H = 340.962, p < 0.0001 and H = 3871.057, p < 0.0001, respectively), with higher catch temperature (P50: 21.6°C, U post-hoc test p < 0.0001) and lower catch flow (P50: 51.8 m 3 /s, U post-hoc test p < 0.01) during the Minimum temperatures for eel migratory activity have increased over time by approximately 1.03°C per decade since 1992, and were significantly higher during the 2010s (mean ± SD: 16.5 ± 1.1°C) than in the 1990s (13.4 ± 1.4°C) and the 2000s (13.7 ± 1.1°C) (KW test, df = 2; 20, H = 7.498, p = 0.023, U post-hoc test p < 0.05). The maximum CPUE mainly occurred at >20°C for 76 % of the 21 years and <170 m 3 /s for 86 % (χ 2 = 11.52, p = 0.0007 and χ 2 = 21.43; p = 0.0001, respectively). Concomitantly with increasing the minimum temperature, the differences between the extreme values of the temperature for 100 % of the eel passages have decreased over time by nearly 1.2°C per decade since 1992 and were significantly lower during the 2010s (8.9 ± 1.6°C) than in the 2000s (11.4 ± 1.5°C) and the 1990s (12.6 ± 1.8°C) (KW test, df = 2.20, H = 6.631, p = 0.036; U post-hoc test p < 0.05). However, neither time nor the opening of the new fish pass significantly affected the temperatures on the dates when 5 % and 95 % of the eel passages had occurred, when the last eel had passed, the daily peak in the number of eels, and the difference in temperature extremes of the times when 90 % of the eels had passed (KW test, p > 0.05). 
Discussion
In this study based on a constant year-to-year sampling effort, the abundance of the riverine yellow eels migrating upstream through a fish pass showed a significant decreasing trend beginning in 1992, indicating a drop in production of silver eels over the long term and therefore low local contributions to the panmictic spawning stock. This decline also reflects the reality of the decline of the species reported in all developmental stages throughout its geographic range (Bonhommeau et al. 2008; ICES 2013; MacNamara and McCarthy 2014 ; Hanel et al. 2014) . However, in the present study, the decline of the riverine yellow eel stage in inland water (at Lixhe, mean decline of 4.2 % per year beginning in 1992 in a 23-year study) appears lower than that of the estuarine eels (Bridgwater Bay 15 % per year beginning in 1980 in a 30-year study; Henderson et al. 2012) . Abundance of the yellow eels at the Belgian border with the Netherlands in 2014 is estimated at 4.5 % of the number of eels in 1992 versus only 1 % of the abundance in 1980 in Bridgwater Bay in 2009, which is one of the sharpest quantified drops reported in the eel population. Estuaries are areas with high potential eel density, predominated by males staying in rivers for a shorter period of time prior to migrating downstream to spawning grounds (Ibbotson et al. 2002) . Contrary to estuaries, riverine inland environments such as our sampling site are potentially predominated by female eels that live for long periods in rivers. The difference between these two decreasing rates of the eel population could be due to study area locations and time spans. The sudden annual increase of eels that was observed in 2008 might also stem from the new fish passes opened at the Borgharen-Maastricht weir (December 2007) near Lixhe and the Grave weir (in 2005) near the estuary in the Dutch Meuse (Belpaire et al. 2014) downstream on the Belgian Meuse. The annual increase in 1999 may be attributed to the same cause, i.e., the effect of opening a second passageway for ascending fish at the Lixhe dam, which increased the availability of the upstream migration route of the River Meuse at Lixhe, thus reducing use of the Albert canal. However, the role played by this second fishway, which does not have a trap for eels, as well as the alternative migration routes such as the Albert canal on the upstream migratory flux of eels need to be further elucidated. The reopening of the old fish pass at the Lixhe dam after its closure during part of 1993 and all of 1994 could also explain the eel catch increase in 1995 due to reopening the passage for eels blocked downstream. The four prominent annual eel increases with their higher maximum daily catch at Lixhe matched the higher glass eel recruitments observed 1-2 years earlier in the North Sea (Belpaire et al. 2014 ). The sudden drop in 2004 also matched lower levels of glass eel recruitments for three consecutive years (2001) (2002) (2003) These observations demonstrate that, during the general decline trend, the upstream flux of migrant yellow eels farther from the sea may have balanced on the longitudinal axis, with the opening of both the fish pass and alternative migration routes (canals, locks, and gates in part of the dam) and the improving youth recruitment stages caused by the density dependence effect (Briand et al. 2005) . According to Feunteun et al. (2003) , the movement pattern of riverine eels, as at our sampling site, Levels of significance*p < 0.05, **p < 0.001, ***p < 0.0001 may operate between both the new incoming eels belonging to early eel stages and the older individuals that had been present in the river for several years, thereby influencing the eel capture in the fish pass at Lixhe. Concomitant with a gradual decline in yellow eel abundance, the size of eels increased significantly in terms of both mean and minimum length. This change in eel size and range clearly indicates that the population collapse in this study may have been caused by a recruitment failure for which the reason remains unidentified. It is suggested that both unfavorable environmental and anthropogenic factors acting at different stages in the eel life cycle may have been involved in this demographic regression. With the recruitment decline, eels may remain downstream in the Meuse due to increased habitat availability, less competition, and improved feeding opportunities. Because of the increasing size of migrant yellow eels, aging eels with a biased sex ratio in favor of females have probably been involved in upstream migration, especially since adult males are 37-45 cm in length at silvering and seaward migration, whereas females' total length is greater than 45 cm (De Leo and Gatto 1995; MacNamara and McCarthy 2014) . Given the strong positive relationship between size and fecundity in female eels, increasing size may have compensated decreasing recruitment as females must maximize growth to ensure a better cohort (Jellyman 2001) . Like panmictic and semelparous species (Van Ginneken and Maes 2005; Als et al. 2011 ), a gradual decline in recruitment indicates a risk of losing eels at the local level and therefore at the international level, a real extinction threat to the species because of a lack of a meta-population structure (Hanski 1998) . Particularly in the River Meuse, the upstream habitats are no longer colonized by eels and will therefore be emptied of this fish species when the last resident eels migrate to spawn. In this context, eel conservation actions such as well-targeted glass eel stocking to enhance yellow eel abundance may be necessary conservation measures, if adequately carried out (Ovidio et al. 2015; Brämick et al. 2015) .
Observation of a similar migration season of riverine yellow eels based on long-term sampling (over a 23-year study beginning in 1992) at Lixhe suggests that eels have not significantly changed their migration behaviors over the years. This raised the hypothesis that a precise mechanism linking the migration period and upstream movement in eels may be controlled by an external stimulus, in particular higher water temperature during spring and summer (Moriarty 1986; Naismith and Knights 1988) , and population parameters determining density-dependent movements associated with certain endogenous rhythms (Castonguay et al. 1990; Feunteun et al. 2003; Edeline et al. 2009 ). Similarly, the migration season reported in this study was typical of the anguillid eel population at this life stage (Tesch 2003) . However, a long-term reduction in eel recruitment has resulted in early passage dates of the last eels during the migration seasons in inland areas.
With the median and maximum daily eel catch mostly observed at >20°C and the daily catch by almost 100 eels at 29.1°C, these results clearly confirm that eels preferred high temperatures for migratory activity. Similarly, the minimum temperature increase observed may be interpreted as shifts in minimum temperature limits required for migratory activity toward higher temperatures. White and Knights (1997) and Naismith and Knights (1988) reported the accepted limits of 10-15°C in eels for the beginning of migration, which were lower than the limits of 14-18°C observed in this recent decade in our study. White and Knights (1997) observed that the eel catches peaked at 21-22°C. In our study, the daily catch of eels mainly occurred at low discharge and started with the river warming, increased with rising temperature, and dropped as the river cooled. This showed that water temperature over river flow was a crucial factor triggering, stimulating, and controlling the movements of yellow eels in the Meuse. Furthermore, the combined action of minimum temperature increase to start the migration process in addition to the early end of migration explains why the difference in temperature extremes for 100 % eel passages have been decreasing over time (nearly 1.2°C per decade since 1992). The maximum daily catch of yellow eels occurred in summer as well as in spring when the water temperature was favorable to migratory activity. In a Cantabrian river in Spain, Lobón-Cerviá et al. (1995) observed that eel numbers increased in spring and summer and peaked in late autumn, coincident with higher water temperature. The migration of some yellow eels in early spring and late autumn recorded in this study was again explained by temperatures favorable to migration (Naismith and Knights 1988; White and Knights 1997) . On the other hand, the knowledge gained on the precise migration dates of the yellow eels can be very helpful in eel conservation actions such as seasonal maintenance of fish passes and other eel migration routes, timing and duration of eel trapping, as well as hydroelectricity production. These long-term data can also facilitate improved fish passage and access to upstream habitats on large river systems.
This study provides insight into the main changes observed in the riverine migrant yellow eels in a long-term declining abundance trend and highlights the importance of studying long-term time spans for a better comprehension of yellow eel population changes and for optimizing management measures. These results clearly indicate that the reduction in recruitment over the years led to both increased eel size and higher minimum temperatures for migration. They also confirm that the eel decline caused an earlier onset of the last eel passages in the migration season, therefore reducing the differences in temperature extremes between the passages of the first and last eels. In this context, it would be relevant and urgent to elucidate the age, sex, and life history of the yellow eels migrating farther from the sea.
